A leucine heptad repeat is well conserved in voltage-dependent ion channels. Herein we examine the role of the repeat region in Shaker K+ channels through substitution of the leucines in the repeat and through coexpression of normal and truncated products. In contrast to leucine-zipper DNA-binding proteins, we find that the subunit assembly of Shaker does not depend on the leucine heptad repeat. Instead, we report that substitutions of the leucines in the repeat produce large effects on the observed voltage dependence of conductance voltage and prepulse inactivation curves. Our results suggest that the leucines mediate interactions that play an important role in the transduction of charge movement into channel opening and closing.
The Shaker gene family (Sh) encodes proteins that produce voltage-dependent K+-selective currents (1) (2) (3) . Like other voltage-dependent ion channels, Sh channels open and close an aqueous pore by undergoing cotnformational transitions in response to changes in membrane potential. This gating behavior includes the movement of a charged component or voltage sensor (4, 5) . Interestingly, mutagenesis of charged residues in the S4 domain (a proposed transmembrane segment that contains four to eight basic residues and is found in virtually all voltage-dependent ion channels including Sh) of the rat II Na' channel showed that it exhibits some of the properties expected for a voltage sensor (6) . However, the voltage-dependent gating mechanism remains unclear; in particular, it is not known how movement of the voltage sensor(s) is transduced into the conformational transitions that result in opening and closing of the channel pore.
Functional Sh channels are likely to be tetramers since Na+ and Ca2" channels are composed of four homology domains, each roughly equivalent to a single K+ channel subunit (7) . Although recent work has shown that Sh channels are multimeric (8) , the sites of subunit interaction are unknown. Sh channels contain a conserved leucine heptad repeat (five leucines long) that overlaps two proposed transmembrane segments (S4 and S5); similar motifs are found in Na+ and Ca2+ channels (9) (Fig. 1 ). Ion-channel leucine heptad repeats are preceded by, and partially overlap, the basic S4 domain (Fig. 1) . DNA-binding leucine-zipper proteins also contain a basic (DNA binding) domain preceding a leucine heptad repeat. Mutational analyses of the DNA-binding proteins have shown that leucines within the heptad repeat play a primary role in the dimerization of subunits andjuxtaposition of the basic DNA-binding domains (13, 14) . The functional significance of similar sequences reported in other proteins is unknown (9, 15, 16 
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Deduced amino acid alignments of the leucine-heptadrepeat region. Basic residues in S4 (stars) and leucine residues in the heptad repeat (boxed) were aligned. Amino acids identical to Sh are indicated by dashes. Proposed transmembrane segments S4 and S5 are indicated. Sh (10) is the Drosophila Shaker channel. Other K+ channel sequences are a rat Sh homolog (RCK1) (2), two human Sh homologs (HukI and HukII) (11) , and Shab, Shaw, and Shal, which represent other Drosophila K+ channel genes (3). Na and Ca sequences are from the second homology domains of the rat Ila Na' channel and the skeletal muscle dihydropyridine receptor (12) , respectively.
Since Sh K+ channels are multimeric it suggests that the leucine heptad repeat might act as a site for subunit assembly. In addition, the close proximity ofthe repeat tothe S4 domain suggests that the voltage sensor may introduce a voltage dependence to the interactions mediated by'residues in'the leucine-heptad-repeat region; gating may be a process involving the dynamics of these interactions (9) . With this in mind we attempted to determine the role of the conserved leucine residues in (i) channel assembly and (ii) voltagedependent gating. 
MATERIALS AND METHODS
RESULTS
Role of the Leucine-Heptad-Repeat Region in Subunit Assembly. To determine if the leucine repeat region acts as a primary site for the association of subunits, we coinjected normal Drosophila Shaker (Sh) RNA, 29-4 (17), with several RNAs encoding truncated 29-4 proteins (Fig. 2) All data are mean + SD.
functional expression (18, 19) . The Sh102 truncation occurs downstream of the leucine heptad repeat: our truncated constructs contained stop codons at sites before (El or S4x) or after (Sh102) the leucine heptad repeat (Fig. 2) . As shown, Sh products truncated before and after the zipper region inhibit 29-4 expression equally well. This suggests that the assembly of Sh subunits is not dependent on the leucine heptad motif, in contrast to the role seen for similar sequence motifs in DNA-binding proteins. Furthermore, our results suggest that a primary site for subunit assembly lies in a region prior to the S4 segment.
Role of the Leucines in the Heptad Repeat in VoltageDependent Gating. Leucines in the heptad repeat (Li, L2, L3, L4, and L5) were switched individually to valine (the V1, V2, V3, V4, and V5 mutants), alanine (A3), or both valine and alanine (V2A3). As a control, an isoleucine in S4, three residues upstream of LI, was switched to valine (Vln-3) (see Fig. 1 ). All of the mutants examined expressed well and showed similar ion selectivity (data not shown) and general kinetic behavior (see below), indicating that none of the substitutions caused gross alteration of the native channel structure.
Typical currents observed in Xenopus oocytes injected with 29-4 and mutant RNA are illustrated in Fig. 3 . The 29-4 currents display properties similar to those reported previously (17) . The V2 and V4 mutants also produce currents with transient A-type kinetics. However, V2 currents are observed only at potentials much more positive than those necessary to activate 29-4 currents whereas the V4 mutation has the opposite effect: V4 currents are observed at potentials more negative than those seen for 29-4. Normalized conductance-voltage relations (Fig. 3D) show that the voltages at which conductance reaches half-maximal value (Vm1/2) is shifted about +70 mV for V2 and -25 mV for V4.
The Vi mutation produces a depolarizing shift like that of V2 but of larger magnitude, whereas the conductance-voltage curves of V3 and V5 are shifted in the same direction as V4 (Table 1 (20) .
To test the possibility of alterations in the closed states of mutant channels, we examined the sensitivity of two of the mutants to the state-dependent K+ channel blocker/4-AP, which appears to bind preferentially to channels in the closed state (21, 22) . V2 currents are more sensitive whereas V4 currents are more than two orders of magnitude less sensitive than the wild-type currents (Fig. 2F) . Although it is possible that these differences may be due to modifications in the binding site for 4-AP, they are consistent with increased and reduced lifetimes for closed states in the V2 and V4 mutants, respectively. In particular, the large decrease in 4-AP sensitivity in V4 channels may indicate that a closed state(s) that preferentially binds 4-AP is very short lived in these channels.
Both the Vi and V2 currents show dramatic decreases in the slopes of the conductance-voltage and prepulse inactivation curves. Mutations of the other heptad leucines (V3, A3, V4, and V5) cause little apparent change in slope ( Fig. 3 and Table 1 ). Since the slope of the steady-state inactivation curve has been suggested to be a better indicator for the number of charges moved during the activation process in Sh currents (20) , the apparent number of "gating charges" is r.-1r.] calculated from this slope in Table 1 . The total apparent gating charge of a 29-4 channel is -7 whereas it is reduced -3-fold for V2 and 5-fold for V1.
As in previous reports of Sh currents (17) , 29-4 and the mutant currents exhibit a rapidly inactivating and a noninactivating component. Although the substitutions have little effect on the rate of the rapidly inactivating component (Table 1) , V1 and V2 currents alter the relative magnitude of the noninactivating component. These changes are not due to a shift in voltage dependence, since they are also present at high membrane potentials (see Fig. 3B ). Single-channel analysis of V2 (Fig. 4) (17) . However, for V2 there is an increase in the mean number of bursts per depolarizing pulse with openings; the mean value for V2 is 2.05 + 0.21 (n = 7) whereas the value for wild-type 29-4 is 1.37 ± 0.14 (n = 5). Thus, an increased probability of channel reopening appears to account for the increase in the noninactivating component, perhaps by decreasing the stability of an inactivated state. One possibility is that amino Vm1/2 is the voltage at half-maximal conductance (cf. Fig. 3D ). The ratio of peak current (IpJjr) and steady-state current (Is,, the current values remaining at the end of a 50-ms test pulse) was determined for test potentials standardized for each mutant at 30 mV above Vm1/2 (cf. Fig. 3A ).
Time constants of inactivation (T1 and T2) were obtained by fitting the decay of currents to a steady-state value with the double exponential function: If/1o = [Al exp-,/Tl + A2 exp'1/2] where I, is the current at time t, Io is the extrapolated value of the peak current at t = 0, and Al + A2 = 1. The data were obtained from currents during a 5S-ms test pulse to 40 mV above Vm1/2 after a 1-s prepulse to -120 mV. Steadystate inactivation curves were fitted to a Boltzman distribution, I/JI,, = 1/[1 + e(V -Vhl/2)Vhslopc-1], where Vh1/2 is the midpoint of inactivation and Vhs,,Ie is expressed as the number of mV to produce an e-fold change in I/Imax. Prepulse inactivation curves were obtained as in Fig. 3 using test potentials of 30 acid residues in the heptad-repeat region are closely associated with the receptor for a blocking particle as proposed in some models of channel inactivation (5, 23) . This receptor is thought to reside on or near the internal mouth of the pore. The alterations in both the probability of channel reopening
and the mean open duration suggest that the conserved leucine-heptad-repeat region (thought to be located on the internal side of the membrane) may itself form a portion ofthe channel pore.
The effects of the mutations appear to define two func- (6, (24) (25) (26) . For example, the 100-mV shift in Vm1/2 and -5 times decrease in slope for the V1 mutant are striking. Furthermore, since these alterations occur without any net change in charge, the large decreases in slope (in V1 and V2) are particularly interesting. These slope changes may reflect large reductions in gating charge resulting from alterations in either the positioning of S4 charges (or dipole) relative to the electric field vector or in the ability of subunits to reach their fully activated conformation. However, given the magnitude of slope differences it is difficult to explain in either of these terms how V1 and V2 channels could achieve open-channel conformations at all. One alternative possibility is that these slope changes may not reflect changes in charge movement of the voltage sensor. Furthermore, gating may require cooperative or other allosteric transitions; if residues in the leucine-heptad-repeat region, particularly Li and L2, are critical in mediating the interactions underlying these allosteric transitions, then even conservative substitutions (V1 and V2) could alter activation and the apparent gating charge.
Our data are consistent with the proposal that the S4 domain (V1 and V2) is important in determining the observed voltage dependence of channel opening; however, mutations of leucines in S5, the next membrane-spanning domain (V4 and V5), and in the linker region between S4 and S5 (A3 and V3) also produce voltage shifts. In contrast, substitution of a valine for an isoleucine residue in S4, three residues upstream of Li (Vln-3) and outside the defined leucine heptad repeat (see Fig. 1 ), results in no apparent changes in any of these properties (Table 1) . Thus, not all hydrophobic amino acids in or near the S4 domain play a similar role to those in the leucine heptad repeat. Thus these data suggest that interactions mediated by heptad leucines are important in stabilizing conformational states of the channel and that these interactions may strongly influence the transduction of charge movement into channel opening and closing. Leucines in the heptad repeats of Na+ and Ca2+ channels may play similar roles. For example, in the rat IIa Na+ channel, substitution of Li (in the second homology domain) by a phenylalanine results in a voltage shift of +25 mV whereas substitution of six other residues, including charged or transmembrane residues, had no effect (24) .
Significance of the Heptad Repeat. The asymmetry of effects in the two classes of mutations may indicate that the first two and the last two or three leucines in the motif stabilize different conformational states of the channel. This is consistent with the proposal that the leucines are located in two separate (possibly transmembrane) domains. Given the fact that the V1 and V2 mutations have similar effects and the frequent occurrence of helical transmembrane segments, our results suggest that Li and L2 may be aligned along one face of a helix to interact with other channel structures that stabilize conformational states of S4. The similar effects of the V4 and V5 mutants also suggest the possibility of helical structure in this portion of the S5 domain. In the Shs mutation, substitution of a phenylalanine located between L4 and L5 by isoleucine produces a voltage shift in the opposite direction of V4 and V5 (19, 27) ; this residue would be located on the opposite face of an a-helix from that of L4 and L5. It will be interesting to correlate the mutagenic effects of other residues in and around the heptad-repeat region as a function of the helical face on which they may lie.
Two issues that remain unclear are: (i) why L3 and the 7-residue periodicity in the cytoplasmic linker between the S4 and S5 segments are highly conserved in voltage-gated ion channels and (ii) why conservative hydrophobic substitutions in a putative transmembrane domain (V1 and V2) have such large effects on the conductance-voltage and prepulse inactivation curves. In the DNA-binding leucine-zipper proteins, dimerization mediated by the heptad-repeat region appears to be a contiguous coiled coil association of two a-helices (28); dimerization takes place largely through the buried leucine (hydrophobic) residues along one face of the respective helices. Helical projections of the heptad-repeat region of Drosophila Shaker (Sh), Sh family members, and Na+ channels (Fig. 5) demonstrate that the arms of one face of the helix, including the leucine arm, are conserved whereas the arms of the opposite face are not. Although a I.
FIG. 5. Helical projections of the indicated sequences (aligned in Fig. 1) . Residues of the heptad repeat are boxed and residues that are conserved among all ofthe K+ channel sequences and the indicated sequence are circled. Arms a, d, and g are well conserved among all published K+ channel sequences. Adjacent arms a and d, which could potentially mediate coiled-coil interactions, are well conserved even in Na' channel sequences.
contiguous helix containing the five leucines of the repeat is inconsistent with the positioning of both the S4 and S5 domains perpendicular to the membrane, it is striking that a specific type of structural organization, with an approximate 3.5-residue periodicity, has been conserved in this region in many species and many types of voltage-dependent ion channels. One possibility is that the portion of the S4 domain that contains Li and L2 may not be located in the membrane in all channel conformational states; residues located between the charged residues in this portion of S4 are less hydrophobic than those in the remaining portion of S4 supporting this possibility. In addition, the large voltage shifts and slope alterations observed in V1 and V2 also suggest that this portion of the S4 domain may be in an aqueous environment since the energetics of leucinemediated hydrophobic interactions might be relatively large in such an environment in comparison to the membrane interior. It is possible that they lie in or near the aqueous environment of the channel pore.
Substitution ofheptad leucines resulted in alterations in the "effective" voltage dependence of channel opening. This is consistent with the proposal that voltage-dependent conformational changes of gating-charge movement may be transduced through subunit interactions mediated by the leucineheptad-repeat region into opening of the channel pore (9) . In addition, alterations in activation and in the stability of the channel pore were observed, suggesting that the conserved heptad-repeat region, itself, may be involved in determining a portion of the channel pore.
